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Abstract 
Despite much research into steels strengthened through interphase precitation, there remains 
much that is not clear, such as the role of a range of elements, particularly Mo, in the 
interphase precipitation process. Four steels were manufactured with identical composition, 
but with variations in Ti, V, Mo and N content to investigate the effect of composition on 
interphase precipitation. Alloys were rapidly cooled from the single austenite phase field and 
isothermally transformed at 630°C and 650°C for 90min. The addition of Mo was found to 
significantly reduce the austenite to ferrite transformation kinetics, particularly for the V 
steel. Interphase precipitation was observed in all alloys at both transformation temperatures. 
For the Ti bearing steel, the two types of precipitate were observed throughout the sample, 
namely TiC (finer) and Ti2C (coarser), while for the V bearing steels, VC (finer) and V4C3 
(coarser) were observed. Where Mo was present in the alloy, it was found dissolved in all 
carbide types. The (Ti,Mo)C and (V,Mo)C formed by classical planer interphase precipitation 
(PIP) while the (Ti,Mo)2C and (V,Mo)4C3, that had a much wider row spacing, formed 
through curved interphase precipitation (CIP). Each adopted one variant of the Baker-Nutting 
orientation relationship. The Ti-microalloyed steels exhibited the smallest precipitates of all 
the steels, which were approximately the same size irrespective of whether Mo was present in 
the alloy and irrespective of the transformation temperature. However, the addition of Mo to 
the V bearing steels resulted in a significant increase in precipitate volume fraction and a 
reduction in precipitate size. The mechanisms of interphase precipitation leading to the 
coincident production of two different precipitate types is considered and the role of Mo on 
the interphase precipitation process is discussed. The resultant effect on strength is 
considered.  
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1. Introduction 
 
Mannerkoski [1] and Relander [2] were the first researchers to investigate interphase 
precipitation during the austenite to ferrite transformation in alloy steels. Honeycombe and 
co-workers [3] proposed two distinguishable modes for forming alloy carbides: interphase 
precipitation and the formation of fibrous carbides during isothermal heat treatment. 
Interphase precipitation was believed to be nucleated at the immobile semicoherent terraces 
of the austenite/ferrite interface and delineate the prior positions of the austenite/ferrite 
interface [4,5]. Further analysis indicated that the morphologies of interphase precipitate 
carbides could be separated into three types: planar interphase precipitation with regular sheet 
spacing (PIP); curved interphase precipitation with regular sheet spacing (CIP); and curved 
interphase precipitation with irregular sheet spacing (irregular CIP) [4,6,7]. Extensive 
research has been focused on the formation mechanisms of the different types of interphase 
precipitation [8-13]. For example, earlier work by Davenport and Honeycombe [14] revealed 
that the interphase precipitates could form on the lowest-energy planar dislocation boundary 
during the growth of the ferrite through the ledge mechanism. However, this theory has been 
superseded by the austenite/ferrite phase transformation theories, including the ledge 
mechanism associated with PIP; the bowing mechanism for irregular CIP and the quasi-ledge 
mechanism for CIP precipitation [15]. Although the precipitate row spacing is regular, the 
precipitate spacing within an individual row is randomly distributed [7,10,16-19].  
Nb, Ti, Mo and V are well known microalloy additions that refine the grain size, retard 
recrystallization and provide fine carbide or carbo-nitride precipitates, all of which lead to 
improved mechanical properties [20-27]. However, such additions also influence the kinetics 
of the austenite to ferrite transformation and therefore influence interphase precipitation. 
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Additions of Ti, V and Nb increase the transformation kinetics, while additions of Cr, Mo and 
W have the opposite effect and slow down the transformation [28]. It has been reported that 
Mo can retarded interphase precipitation during isothermal heat treatment, via the classical 
interphase precipitation mechanism [8,10,12,13,16,17,29-33]. Early results focused on the 
study of the physical and chemical properties of transition metal carbides such as (M,Mo)C, 
where M is Nb, V, Ti [5,18,19,27,34]. However, little research has focused on the effect of 
Mo on the final microstructure in terms of ferrite grain size and precipitate size and volume 
fraction and thereby final mechanical properties. Moreover, it is not entirely clear what role 
Mo plays on the interfacial velocity and the misfit and interfacial energy of the interphase 
precipitation with the ferrite matrix.  
In order to systematically understand these effects, four steels were prepared with the same 
base-line composition (C, Mn, Si). Two of these steels were based on Ti microalloy 
additions, one free from Mo, the other with a Mo addition. The remaining three steels were 
based on a V microalloy addition, one with V only and one with V and Mo. Following 
austenetisation, rapid cooling was undertaken to the isothermal transformation temperature 
(which would simulate the coiling temperature after hot rolling). Two temperatures were 
chosen on the basis of past investigations of the effect of coiling temperature on 
microstructure (which was part of a programme to develop a commercial advanced strength 
steel based on precipitation strengthened ferritic structure). Detailed analysis of the interphase 
precipitates has been undertaken, with a particular focus on precipitate structure, its size and 
volume fraction and its orientation relationship with the ferrite matrix in order to understand 
the role that Mo takes in the Ti and V microalloyed steels.  
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2. Experimental Procedure 
 
2.1. Material 
The chemical composition of four laboratory cast microalloyed steels used in the research 
containing Ti (N1), Ti+Mo (N2), V (N3) and V+Mo (N4), which are listed in Table 1. The 
alloys were made by vacuum induction melting and cast into ingots having dimensions 
620mm × 105mm × 35mm at 7DWD6WHHO,-PXLGHQ. The ingots were homogenized at 1250°C 
for 2h and hot worked in several passes to 8mm thick plates. The dilatometer specimens, 
120mm long × 12mm wide × 6mm thick, were machined from the plate along the rolling 
direction. The heat treatment for producing interphase precipitated carbides was performed 
using the Dilatronic dilatometer at The University of Sheffield. Samples were reheated to 
1250°C, held for 30min in a tube furnace, and then water cooled to the room temperature. 
The specimens were then austenitized at 1200°C for 3min and cooled to 630°C and 650°C at 
a rate of 10°C/s-1, held isothermally for 90min, and finally water quenched to room 
temperature. The heat treatment schedule is illustrated in Fig. 1. 
 
Table 1 
Chemical composition of the experimental steels (wt%) 
Martials C Si Mn Al V Ti N Mo 
N1 0.1 0.2 1.6 0.045 - 0.2 SSP - 
N2 0.1 0.2 1.6 0.045 - 0.2 SSP 0.5 
N3 0.1 0.2 1.6 0.045 0.2 - SSP - 
N4 0.1 0.2 1.6 0.045 0.2 - SSP 0.5 
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Fig. 1. Schematic of the thermomechanical cycles used and nomenclature used for each condition. 
 
 
2.2. Grain size and microhardness 
The dilatometer specimens were prepared for metallographic examination using standard 
techniques and then etched in  QLWDO VROXWLRQ IRU DSSUR[LPDWHO\ -V. The ferrite grain 
size was measured using the linear intercept method (ASTM E-112) by optical microscopy 
(OM) and the volume fraction of ferrite in the optical specimens were determined by point 
counting method via Image J software. 0LFURKDUGQHVV WHVWLQJ ZDV FRQGXFWHG XVLQJ D
'XUDVFDQ  PLFUR-KDUGQHVV WHVWHU RQ WKH SROLVKHG IHUULWH JUDLQV LQ WKH RSWLFDO VDPSOHV $
9LFNHUVGLDPRQG LQGHQWHU WLSZDVXVHGZLWK ORDGRI 1DQGDKROG WLPHRIV IRU HDFK
PLFUR-KDUGQHVVWHVWV$QDUUD\RIPLFUR-KDUGQHVVWHVWVZHUHSHUIRUPHGDWGLVWDQFHVRIPP
ZLWKWKLUW\WHVWPHDVXUHPHQWVRQHDFKVDPSOH$VPDOOORDGRI1ZDVFKRVHQWRHQVXUHWKH
PHDVXUHPHQWZDV WDNHQ IURP WKH IHUULWH JUDLQV DORQHZLWKRXW WKH LQIOXHQFHRIQHLJKERULQJ
PDUWHQVLWHZKLFKIRUPHGIURPWKHDXVWHQLWHWKDWUHPDLQHGDWWKHHQGRIWKHLVRWKHUPDOKROG
GXULQJVXEVHTXHQWUDSLGFRROLQJ 
2.3. Precipitate analysis 
Transmission electron microscopy (TEM) was carried out to identify the interphase 
precipitation from dilatometer specimens. Carbon extraction replicas were used to measure 
precipitate size and composition. The size distribution from carbon replicas was compared to 
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that from STEM images from thin foil samples and was found to be the same within 
experimental error. Thin foils were used to determine precipitate distribution, orientation 
relationship and confirm precipitate size. Carbon extraction replicas were prepared in the 
standard manner using a light 2% nital etch. Thin foils for TEM were electropolished using 
an electrolyte solution of 5% perchloric acid, 35% butoxyethanol and 60% methanol. 
Extraction replica samples and thin foil samples were examined using an )(,Tecnai T20 and 
JEOL 2010F TEM, both operated at 200kV. The particle diameter distribution of precipitates 
was measured for each sample, with around 200 particles counted in each case, with 
quantitative image analysis being performed using Image J software. The measurement of the 
sample thickness was also carried out using EELS. This was estimated from the low energy 
region of the spectrum, given by Eq. (1) [35,36]:  ݐ ൌ ߣ݈݊ሺܫ௧ ܫ଴⁡? ሻ                                                                (1) 
ZKHUHWUHSUHVHQWVWKHWKLFNQHVVRIPDWHULDOȜLVWKHPHDQIUHHSDWKRIVSHFLPHQ,t is the total 
number of electrons in the EEL spectrum and I0 is the number of electrons in the zero loss 
peak. 
 
3. Results 
3.1 Microstructure  
All optical micrographs were taken from the dilatometer specimens with isothermal heat 
treatment at 630°C and 650°C for 90min. The microstructure, Fig. 2, mainly comprised 
polygonal ferrite, formed during isothermal transformation. The volume fraction of ferrite in 
the Ti-microalloy steels was higher than in the V-microalloy steels. In addition, martensite 
was present, which formed from the untransformed austenite on cooling at the end of the 
isothermal hold. Fig. 3 shows the average ferrite grain size, which was measured from optical 
micrograph images presented in Fig. 2.  
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The average ferrite grain size for the Ti-microalloyed steels (N1 and N2) was smaller than 
that of N3 and N4 of V-microalloyed steels at both 630°C and 650°C temperatures. The grain 
size was slightly larger after transformation at 650°C than at 630°C for the same holding time 
for all steels. The effect of transformation temperature on grain size was most marked for the 
Ti microalloyed steels, less so for the V microalloyed steels. For the same composition, the 
addition of Mo gave a small reduction in grain size (compare N1 with N2 and N3 with N4), 
the grain size were similar or slightly less than that in the N1 or N3 steels respectively.  
 
Fig. 2. Optical micrographs taken from specimens isothermally treated at 630°C for 90min on (a) N1; (c) N2; (e) 
N3; (g) N4; and at 650°C for 90min on (b) N1; (d) N2; (f) N3; (h) N4. 
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Fig. 3. Variation of ferrite grain size and ferrite volume fraction for the various steels transformed at 630°C and 
650°C for 90min. 
 
 
3.2 Kinetics of the phase transformation  
Fig. 4 shows the dilatation curves of the four steels, isothermally transformed at 630°C and 
650°C for 90min. For both transformation temperatures and both steels the addition of Mo 
reduced the rate of transformation (compare N1 with N2 and N3 with N4). The 
transformation was generally faster at 650°C compared to 630°C for all steels except N2. The 
reduction in transformation kinetics by the Mo addition was much more evident for the V-
microalloyed steel than for the Ti-microalloyed steel at both temperatures, so, Mo had a 
greater effect on the phase transformation in the V-microalloys steels than in the Ti-
microalloy steels. 
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Fig. 4. Dilatation curves of the specimens isothermally treatment at (a) 630°C for 90min; (b) 650°C for 
90min. 
 
3.3 Transmission electron microscopy of the interphase precipitation 
3.3.1. Precipitate size distribution  
To understand the morphology, size and volume fraction of the precipitates in the four steels, 
TEM was undertaken. The size of precipitates measured from carbon extraction replica 
samples is shown in Fig. 5. The size and morphology of precipitates differed from steel to 
steel and also as a function of the transformation temperature. A size distribution analysis is 
presented in Fig. 6, while the average size, volume fraction and number density of the 
precipitates is presented in Fig. 7.  The precipitate size distribution was found to be the same, 
within experimental error, for extraction replica and thin foil samples.  For the Ti 
microalloyed steels, the average radius of the precipitates did not measurably change with 
transformation temperature or with the addition of Mo. The average precipitate radius in the 
V-microalloyed steels was larger than that in the Ti-microalloyed steels for all compositions. 
The addition of Mo significantly reduced the precipitate radius by around 2nm for both 
transformation temperatures.  
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Fig. 5. TEM observation of interphase precipitation from replica samples in different composition of steels taken 
from specimens isothermally treated at 630°C for 90min on (a) N1; (c) N2; (e) N3; (g) N4; and at 650°C for 
90min on (b) N1; (d) N2; (f) N3; (h) N4. 
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Fig. 6. Size distributions of the precipitates from all samples at the two transformation tempertures: (a) at 630°C 
for 90min; (b) at 650°C for 90min. 
 
 
 
Fig. 7. The volume fraction, average radius size of precipitation and number density of the precipitates in the 
different steels, isothermally treated at 630°C and 650°C for 90min: (a) average radiums of precipitates; (b) the 
volume fraction and the number density of precipitates.  
 
 
By taking into account the thickness of the extraction replica (from EELS zero loss 
measurements), the volume fraction of the precipitates was measured. Large precipitates 
(>20nm) were removed from the data as they do not contribute to strengthening, but strongly 
influence the volume fraction data. Therefore, the volume fraction of precipitates can be 
taken as the fraction that would have contributed to strength. The volume fraction of 
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precipitates was generally larger for the Ti microalloyed steels compared to the V 
microalloyed steels. The addition of Mo to the steels increased the volume fraction of 
precipitates for both Ti- and V-microalloyed steels. For the Mo free steels (N1 and N3) the 
transformation temperature did not measurably change the volume fraction of precipitates. 
However, the addition of Mo resulted in a much stronger effect of transformation temperature 
on volume fraction, particularly for the V microalloyed steel. 
Fig. 7 also shows the number density of the precipitates for the 4 steels each at the two 
transformation temperatures. For all the steels, the number density was lower for 
transformation at 650°C than 630°C, but the extent of the difference depended on the steel 
composition. The effect of Mo on the Ti-microalloyed steel was not measurable within 
statistical error. However, for the V-microalloyed steel, the Mo addition provided a major 
increase in the precipitate number density for both transformation temperatures.  
 
Fig. 8 shows the precipitate distribution that is characteristic of interphase precipitation. All 
samples were imaged along <001>, which is the required condition to observe interphase 
precipitation and also allows all images to be compared. This was the case in all four steels at 
both isothermal transformation temperatures of 630°C and 650°C for 90min. The average 
row spacing was greater at the higher isothermal transformation temperature for all steels. 
Moreover, the row spacing for the Ti-microalloyed steels was smaller than in the V-
microalloyed steels. In all Mo containing steels (N2, N4), there were two types of rows, 
namely rows comprising smaller precipitates (red line) in between rows of larger precipitates 
(blue line). The rows of finer interphase precipitates in steels N2 and N4, shown in Fig. 8(d, 
h) were more obvious at the higher isothermal transformation temperature of 650°C. In 
contrast, for steels N1 and N3, precipitates in between the rows of larger precipitates 
exhibited a random distribution, Fig. 8(b) and (f) transformed at 650°C.  
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Fig. 8. TEM micrographs showing the interphase precipitation from thin foil samples in different composition of 
steels taken from isothermal treatment at 630°C for 90min on (a) N1; (c) N2; (e) N3; (g) N4; and at 650°C for 
90min on (b) N1; (d) N2; (f) N3; (h) N4. 
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3.3.2. Precipitate identification and the orientation relationship of interface 
precipitates with the ferrite 
Fig. 9 shows the interphase precipitation rows in more detail for the N2 Ti-Mo microalloyed 
steel and Fig. 10 gives the equivalent for the N4 Mo-V microalloyed steel, both transformed 
at 630°C for 90min. The bright field image in Fig. 8(a) was taken with the incident beam 
parallel to the [001] ferrite zone axis. The diffraction spots from the precipitates are 
consistent with the presence of both (Ti,Mo)C and (Ti,Mo)2C. The (Ti,Mo)2C tended to be 
larger than the (Ti,Mo)C. Both exhibited a Baker-Nutting orientation relationship with the 
ferrite matrix, but with a different variant in each case. The (Ti,Mo)C followed [5]: 
[100](Ti, Mo)C//[100]ferrite,  (001) (Ti, Mo)C //(001) ferrite 
and the (Ti,Mo)2C followed another BN variant[37]:  
[110](Ti, Mo)2C//[001]ferrite, (001) (Ti, Mo)2C //(001) ferrite 
The dark field image shown in Fig. 9(c) was taken from the exactly same area of Fig. 9(a), 
using diffraction g(1)=(100) and g(2)=(100) (red circle line). The dark field image of Fig. 
9(d), shows that the brighter rows of precipitates are from g(1) (yellow line) and the weaker 
contrast rows of precipitates are from g(2) (red line).   
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Fig. 9. TEM images of the interphase carbides in the N2 specimens isothermally transformed at 630°C for 
90min: (a) bright-field image of interphase precipitation; (b) the corresponding selected area diffraction pattern; 
(c) dark-field image of interphase precipitation from the red circle in (b) covering the same area of (a); (d) 
enlarged dark-field image from area indicated by the red line in (c). 
 
Fig. 10 shows bright and dark-field images taken from the V-Mo microalloyed steel, N4. The 
morphology of the interphase precipitation was similar to the Ti-Mo microalloyed steel in 
that there were two different orientation relationships with respect to the ferrite matrix. The 
diffraction patterns were consistent with two precipitate types being present, namely 
(V,Mo)C and (V,Mo)4C3. The two orientation relationships were produced by two types of 
interphase precipitation as shown in Fig. 10(d) with the red line from (V,Mo)C and the 
yellow line from (V,Mo)4C3. The corresponding dark-field images shown in Fig. 10(b) from 
the (V,Mo)4C3 (yellow circle) and the Fig. 10(c) from (V,Mo)C (red circle). The size of 
(V,Mo)4C3 is slightly larger than (V,Mo)C.  
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Fig. 10. TEM images of the interphase carbides in the N4 specimens isothermally treated at 630°C for 90min: 
(a) bright-field image of interphase precipitation; (b) dark-field image of interphase precipitation from the red 
circle in (d) at the same area of (a); (c) dark-field image of interphase precipitation from the yellow circle in (d) 
at the same area of (a); (d) the corresponding select area diffraction pattern of (a). 
 
 
High resolution transmission electron microscopy (HRTEM) images of the precipitates in the 
ferrite matrix are shown in Fig. 11. The precipitates were coherent with the matrix. The 
crystal structure and the orientation relationship have been identified by fast Fourier 
transforms (FFT) of high resolution images shown in Fig. 11(b) and (d). There are two 
variants of the V based carbides shown in Fig. 11 with the NaCl-type crystal structure. From 
measurements of the lattice spacing, the ratio dVC (200) /dV4C3(200) is equal to 1.031. As reported 
in [38], the lattice constants for VC is a=b=c=4.165% and the V4C3 is a=b=c=4.04%, which 
gives a ratio dVC(200) /dV4C32(200) of 1.028, which is very close to the measured value. This 
gives further confirmation that the carbides shown in Fig. 11 are VC in Fig. 11(b) and V4C3 
in Fig. 11(d). 
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The (V,Mo)C and (V,Mo)4C3 obeyed the Baker-Nutting (B-N) orientation relationship (OR) 
with respect to the ferrite matrix:  
[001](V,Mo)C//[001]ferrite,  (100) (V, Mo)C //(100) ferrite 
[011](V,Mo)4C3//[001]ferrite, (100) (V, Mo)4C3 //(100) ferrite 
The result is comparable to that for the interphase precipitation in the Ti variant steel, N2 
(Fig. 9).  
 
Fig. 11. HRTEM images of nanometer-sized carbides obtained from the specimen isothermally treated at 650°C 
for 90min: (a) nanometer-sized (V, Mo)C; (b) HRTEM FFT of nanometer sized carbide from red area in (a); (c) 
nanometer-sized (V, Mo)4C3; (d) HRTEM FFT of nanometer sized carbide from red area in (c). 
 
 
STEM imaging (Fig. 12) and associated EDS mapping showed that the amount of Mo in the 
vanadium based carbides varied. The V4C3 appeared to universally contain Mo. However, the 
finer VC carbides appeared to be separated into two catagories, those containing appreciable 
Mo and those that contained little or no Mo. This important factor requires further 
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investigation and would need atom probe studies to fully determine composition of the 
carbides.  
 
 
Fig. 12. Two types of precipitates in N4 steel: (a) Bright field STEM image; (b) higher magnification bright 
field STEM image; (c) corresponding HAADF image from the same area as (b), showing precipitates with 
differing composition.  
 
 
 
3.4 Microhardness  
The Vickers microhardness of the ferrite grains is shown in Fig. 13 with isothermal treated at 
630°C and 650°C for 90min (martensite grains were excluded from this analysis). From the 
data points presented in Fig. 13, the microhardness for all four steels decreased with 
increasing the isothermal transformation temperature. The Ti-microalloyed steels N1 and N2 
had higher microhardness for both temperature than that in the V-microalloyed steels. The 
addition of Mo to N2 and N4 steels resulted in a small increase in the microhardness of the 
ferrite compared to the Mo free equivalents, N1 and N3.  
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Fig. 13 The Vickers micro hardness of the ferrite grains as a function of the compositions from isothermal 
treatments at 630°C and 650°C for 90min 
 
 
4. Discussion 
4.1 The mechanism of interphase precipitation  
Figs. 5, 6 and 7 gave the morphology, the size distribution, the number density, the volume 
fraction and the average radius of the precipitates for the steels isothermally transformed at 
630°C and 650°C. The formation of carbides on the interface is controlled by the driving 
force for the carbide nucleation and by the diffusion of carbide-forming elements along the 
interface. A decrease in the isothermal transformation temperature from 650°C to 630°C 
increased the nucleation rate due to the increased driving force, resulting in a higher number 
density of precipitates at the lower transformation temperature. The slower diffusion at the 
lower temperature also resulted in a finer precipitate size.  
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Fig. 9, 10, 11 also show that the interphase precipitates have the NaCl structure and have the 
Baker-Nutting OR with ferrite matrix for both Ti and V steels with and without Mo. The 
addition of Mo did not change the TiC and VC precipitates to the orthorhombic variant.  
Fig. 8 shows bright field images from thin foil samples of all four steels. Figs. 9 and 10 give a 
more detailed analysis from the Ti-Mo steel N2 and V-Mo steel N4. Two different types of 
precipitate rows were present in N2 and N4, especially for the steels transformed at 650°C. 
For the Ti bearing steel, the two types of precipitate were (Ti,Mo)C (finer) and (Ti,Mo)2C 
(coarser), while for the V bearing steels, (V,Mo)C (finer) and (V,Mo)4C3 (coarser) were 
observed. This is, to the best of our knowledge, the first time that two types of precipitate, 
with different variants of the B-N OR, have been identified within the same area. This was 
found to be consistent across all the compositions and transformation temperatures 
investigated.  
The morphology of the interphase precipitation was distinctly different for the finer (Ti,Mo)C 
and the coarser (Ti,Mo)2C and similarly for the finer (V,Mo)C and the coarser (V,Mo)4C3. 
The (Ti,Mo)C and (V,Mo)C formed by classical planer interphase precipitation (PIP) while 
the (Ti,Mo)2C and (V,Mo)4C3 rows, that had a much wider spacing, formed through curved 
interphase precipitation (CIP). The (Ti,Mo)2C had a regular sheet spacing and tended to be 
angled at approximately 45o to the planar precipitate sheets. The dark field images in Fig. 9 
were taken under diffraction conditions of g(Ti, Mo)2C=(100) and g(Ti, Mo)C=(100). It is clear that 
the two types of precipitate had a different orientation with respect to the ferrite matrix, each 
having one variant of the B-N orientation relationship: the regular CIP (yellow line in Fig. 9) 
was close to the (110)Į plane, which indicates precipitation on an incoherent austenite/ferrite 
interface. In contrast, the PIP (red line in Fig. 9) was close to the (001)Į plane with much 
finer sheet spacing than CIP. The (V,Mo)4C3 and (V,Mo)C, Fig. 10, show the same behaviour 
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as the  (Ti,Mo)C and (Ti,Mo)2C, namely that the (V,Mo)4C3 grew along the (011)Į plane and 
(V,Mo)C was close to the (100)Į plane.  
Where a carbide, such as TiC and VC, is nucleated in the ferrite, all three variants of the B-N 
orientation relationship are observed [40]. However, where nucleation of the carbide occurs 
in the JD boundary only a single variant is generally found, as was the case here. Thus, the 
observation of a single variant of the B-N for each precipitate type in the current work 
strongly suggests that nucleation occurred at the JD interface. The observation of a single B-
N variant is explained on the basis that where there is a coherent interface between the JD, 
the variant chosen will be the one that makes the close packed planes of all three phases 
parallel, thereby minimising the free energy for nucleation. In this case, this was identified as 
the low energy facet plane of (100)(Ti, Mo)C//(100)Į and (100)(V, Mo)C//(100)Į. Thus, the finer 
(Ti,Mo)C and (V,Mo)C PIP were most probably formed by the classical ledge growth 
mechanism. In contrast, the coarser (Ti,Mo)2C and (V,Mo)4C3 appeared to have formed by 
CIP, where the JD interface is semi-coherent. In the case of CIP, the precipitates again 
minimise free energy by aligning one close packed plane as close as possible to the JD 
boundary [38], and therefore one variant of the B-N OR is observed. 
The occurrence of CIP and PIP has been shown in different regions of the same grain, for 
example, by Miyamoto et al. [13], which shows that the interface structure can vary from 
place to place. Thus, the JD interface must have been moving with both semi-coherent and 
incoherent components at the same time. Yen et al. [15] showed the structure of a ferrite 
boundary associated with interphase precipitation that contained both ledges and curved 
regions in between, thus showing that this is possible. However, in their work, only (Ti,Mo)C 
was identified, rather than how (Ti,Mo)C and (Ti,Mo)2C observed here. Moreover, Miyamoto 
et al. demonstrated that the transformation front could grow with a coherent region (obeying 
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the K-S OR), and a less mobile incoherent, non-K-S interface that still exhibited a ledge 
structure, thus producing interphase precipitation.  
The addition of Mo to the Ti and V bearing steels did not alter the orientation relationship 
observed as shown in Fig. 9, 10 and 11, i.e. the same B-N variant was observed for both TiC 
and (Ti,Mo)C and similarly for VC and (V,Mo)C.  
Fig. 14 gives a schematic to show the formation of coherent PIP interface precipitates in (a), 
and semi-coherent or incoherent interphase precipitates in (b). It has been well recognized 
that the newly formed allotriomorphic ferrite nuclei always have rational or nearly rational 
OR with one of the neighbouring austenite grains, but usually has a random OR with the 
other adjacent austenite grain [13, 15]. For the PIP, the interface can be composed of an 
alternating immobile terrace plane and a mobile lateral ledge, i.e. the ledge mechanism. For 
the semicoherent or incoherent interphase plane the interface is curved and has a high 
interfacial energy and high mobility. Given that for PIP the ledge structure can be extremely 
fine in one dimension, precipitation at the ledges leads to the finest precipitate row spacing. 
In contrast, precipitates formed at a semicoherent or incoherent interface has formed larger 
precipitates in this case. 
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Fig. 14. (a) The schedule of the first type of precipitates with the ledge structure of a partially coherent interface 
connecting ferrite and austenite by K-S orientation relationship (OR), (b) The structure of the curved semi or 
incoherent interface connecting ferrite and austenite by random OR.  
 
 
4.2 The effect of composition on the interphase precipitates  
The effect of the Mo on the V-microalloyed steel was much more significant than that on the 
Ti-microalloyed steel, in particular the addition of Mo reduced the ferrite grain size, reduced 
the precipitate size significantly and substantially increased the precipitate number density. 
There are several possibilities for which the Mo can have a major role: the mobility of the JD 
boundary, the chemical free energy of the boundary, the diffusivity along and ahead of the 
boundary, the interface between precipitate and the matrix and the structure of the precipitate 
itself. 
The nucleation rate can be calculated as [22,40,41]: ܫ ൌ ܰ ௞௛்  ቄିሺீB?ାொB?ሻ௞் ቅ                                                 (2) ܩB?ൌ ଵ଺గଷ ఙయ⁡? ೇீమ                                                             (3) 
where N is the number of nucleation sites per unit volume of the system, ܳB? is the activation 
energy for the transfer of atoms across the interface, k is the Boltzmann constant, h is the 
Planck constant, ߪ  is the interfacial energy per unit area, ܩB? is the activation energy for 
nucleation and ⁡?ܩ௩  is the chemical free energy change per unit volume of nuclei. The 
parameters used in Eqs. (2) and (3) are listed in table 2. This indicates that the sequencing of 
the nucleation rate for the various carbides is TiC൐ VC൐Mo2C. Thus, TiC and VC should be 
nucleated first, with the Mo substituting for the Ti or V in the carbides rather than forming 
Mo2C.  
The Ti-microalloyed steels exhibited the smallest precipitates of all the steels, which were 
approximately the same size irrespective of whether Mo was present in the alloy and 
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irrespective of the transformation temperature, Fig. 7. The absence of a difference in 
precipitate size between these two transformation temperatures is consistent with the work of 
Yen et al. [15,42] who found that changes in size only occurred above a transformation 
temperature of about 680°C. The addition of Mo appears to have slightly increased the 
number density and volume fraction of precipitates, Figs. 6, 7, which would be consistent 
with tensile tests that show that the addition of Mo increases the yield strength of the material 
[43].   
 
Table 2 
The equilibrium lattice parameters and formation energy and interfacial energy 
type 
Chemical free energy /kJ 
mol-1 at 903K [44] 
Interfacial energy (ߪ)/mJ m-2 Diffusion constant (D)/m2 s-1 
at 903K 
Fe-TiC -4.2ൈ104  339 [45] 1.8ൈ10-14 [46] 
Fe-VC -2.2ൈ104 199 [8] 3.05ൈ10-14 [42] 
Fe-Mo2C -1.3ൈ104 256[8] 2.29ൈ10-14 [42] 
  
The V-microalloyed steels had a larger precipitates size, a larger ferrite grain size and a 
greater quantity of martensite compared to the Ti-microalloyed steels. However, the addition 
of Mo to the V-microalloyed steels reduced the ferrite grain size, reduced the precipitate size 
significantly and substantially increased the precipitate number density. The inclusion of Mo 
in TiC or VC results in a contraction of the lattice parameter [8], which results in greater 
coherency between the precipitate and the matrix. For example, the misfit between TiC and 
the ferrite is 6.9%, but this is reduced to 4.8% for (Ti,Mo)C [8]. A reduction in interfacial 
energy will have increased the nucleation rate.   
Related work has shown using atom probe tomography that, where Mo is present in the 
vanadium based carbides, it is evenly distributed throughout the carbide [47]. STEM imaging 
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(Fig. 12) and EDS mapping showed that Mo was found in all the V4C3, aligned 
approximately along g =<110>D. However, for the VC some precipitates contained Mo, while 
others did not. Those VC aligned along g=<100>D contained Mo and so should be referred to 
as (V,Mo)C. Thus, the two types of precipitate not only had two different orientation 
relationships with the ferrite, but also had a different composition.  
The effect of Mo will also have been through its effect on interfacial velocity and on the row 
spacing. The row spacing, O, observed after transformation is related to the interface velocity, 
vDJ through [17]: 
ߣ ൌ గభȀర௖೎ೝ೔೟యȀమ௖೛೚௕೛మ ቀ ஽ఙ೚ఈ௃ಳ୼ீቁଷȀସ ቀଷ௏ସ ቁଵȀଶ                                   (4) 
ݒఈఊ ൌ ௖೎ೝ೔೟భȀమ ௕೛మ௖೛೚ ቀ஽గቁଵȀସ ቀఈ௃ಳ୼ீఙ೚ ቁଷȀସ ቀ ସଷ௏ቁଵȀଶ   (5) 
Where D is the boundary diffusion of the solute, 'G is the transformation driving force, JB is 
the ferrite nucleation rate, ccrit is the critical solute content for carbide precipitation, ܿ௣௢is the 
nominal solute concentration, bp is the particle spacing in one row, Vo is the DJ interfacial 
energy and V is the ratio of the molar volume of the precipitate to that of the ferrite. Thus, a 
reduction in molar volume of the carbide through the inclusion of Mo leads to a reduction in 
V and therefore an expected reduction in IP row spacing. In addition, Mo would be expected 
to increase the interfacial energy,Vo, of the austenite/ferrite transformation boundary, and 
reduce the solute diffusivity. These factors would decrease the interface velocity, as observed 
in Fig. 3.  
 
4.3 Strengthening mechanism 
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Figs. 2 and 3 show the microstructure and the ferrite grain size. The Ti-microalloyed steels 
exhibited finer ferrite grain size than the V-microalloyed steels for both transformation 
temperatures. Interestingly, there was a significant difference in ferrite grain size between 
transformation at 630°C and 650°C for the Ti-microalloyed steel, but relatively little 
difference for the V-microalloyed steel. The differences in ferrite grain size between the two 
temperatures cannot be because of the prior austenite grain size as this was the same for a 
given composition. Therefore, the differences in behaviour between the Ti-microalloyed steel 
and the V-microalloyed steel must be associated with the balance between the driving force 
for transformation (which increased as the temperature was decreased) and the diffusion rate 
(which obviously decreased as the temperature decreased).  
Moreover, it is notable that the precipitates formed by PIP were finer than those formed by 
CIP. It is not clear whether this is inherent to the formation mechanism or whether it is a 
result of the different precipitate type observed here for the PIP and the CIP. Interestingly, 
Yen et al. [15] showed that random precipitation occurring from an incoherent interface can 
give greater hardening than that arising from a coherent boundary leading to classical PIP.  
To understand the correlation between grain size, carbide precipitation and strength, the 
structure-based strength calculation model is used to estimate the strength. The total yield 
strength was estimated through the friction stress of the ferritic matrix, solid-solute 
strengthening, grain boundary strengthening and the precipitation strengthening, as well as 
the dislocation strengthening, which can be expressed as [17,48]: ⁡?ɐ ൌ ⁡?ɐ⁡?൅ ⁡?ɐ ൅ ⁡?ɐ
 ൅ ⁡?ɐ ൅ ⁡?ɐ                               (6) 
which ⁡?ɐtotal is the total yield strength;⁡?ɐ0 is the friction stress of single crystal pure iron, ⁡?ɐss is the solid solution hardening strengthening; ⁡?ɐGB is the grain refinement hardening; ⁡?ɐp is the precipitation hardening strengthening and ⁡?ɐs is the dislocation strengthening.  
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The ⁡?ɐ⁡?, solid solution hardening strengthening (⁡?ɐሻ and grain refinement strengthening ሺ⁡?ɐGB) according to the composition of the steels in the study can be evaluated by the 
equation below [28, 29, 31]: 
⁡?ɐ ൌ ⁡?ɐ⁡?൅ ⁡?ɐ ൅ ⁡?ɐ
 ൌ ݂భయ ቀ⁡?⁡?൅ ⁡?⁡?ܯ݊ ൅ ⁡?⁡?Ǥ⁡?݀ି భమቁ ൅ ቀ⁡? െ భ݂యቁ ቀ⁡?⁡?⁡?൅⁡?Ǥ⁡?ିݏ భమቁ ൅ ⁡?⁡?ܵ݅ ൅ ⁡?⁡?⁡?ܰ ଵȀଶ           (7) 
Where [%w] (%w =C, Mn, Si, Mn and N) represents the mass fraction of the element %w in 
ferrite, d is the ferrite grain diameter; f is the volume fraction of ferrite; s is the martensite 
interlamellar spacing. The mass fractions used for the calculations are list in Table 1. 
The interphase precipitation hardening can be given by the Ashby-Orowan relationship 
[17,19, 49]: 
⁡?ɐ ൌ⁡?⁡?⁡?⁡?B?௙భమௗ೛ ሺ⁡?Ǥ⁡?⁡?⁡?݀௣ሻ                                             (8) 
where f is the volume fraction of the interphase precipitation, ݀௣ is the average diameter of 
precipitation (nm), which are shown in Fig. 7 in this study.  
This analysis did not differentiate between the contribution from the different precipitate 
types. It is difficult to separate the contribution to hardening of the rod shaped (V,Mo)4C3 
(which
 
grew along the (011)Į plane) from the disc shaped (V,Mo)C (which grew along the 
(100)Į plane) and equally the contribution of the (Ti,Mo)C from the (Ti,Mo)2C. The 
(V,Mo)4C3  and the (Ti,Mo)2C exhibited a much lower volume fraction and were coarser than 
the (V,Mo)C and (Ti,Mo)C respectively, as so would have contributed only minor part to the 
hardening. Therefore the majority of hardening would have come from the (V,Mo)C and 
(Ti,Mo)C. 
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The increased yield stress resulting from the increased dislocation density can be estimated 
by [30]: ⁡?ɐ ൌ Ƚ
ඥߩ                                                             (9) 
Where Ƚis a constant of 0.435; M is the Taylor factor and for ferrite steel, it equal to 2.75; G 
is the shear modulus, taken as 80.3 GPa; b is the Burgers vector (0.248nm); ߩ  is the 
dislocation density. The dislocation density in the ferrite matrix during isothermal 
transformation is estimated to be 5ൈ1013 m-2.  
Therefore, the total yield stress can be estimated by Eqs. (6)-(10) and the results are presented 
in Fig. 15. The contribution of interphase precipitation was estimated as around 127-236MPa, 
with the highest value observed for N2. The Ti containing steels exhibited the finest ferrite 
grain size and therefore the greatest Hall Petch strengthening. When Mo is added to both Ti-
microalloyed and V-microalloyed steels, the volume fraction of interphase precipitates 
increased, with a much more significant effect in the V-microalloyed steels than Ti-
microalloyed steels. 
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Fig. 15. The calculated yield strength from solid solution, dislocations, precipitations and grain boundaries 
according to the Eqs. (5)-(9). a) Transformed at 630°C, b) transformed at 650°C. 
 
The microhardness for all four steels were measured and shown in Fig. 13. The relation 
between yield strength and hardness has been determined to be [49]: 
YS=-90.7+2.876Hv                                                       (10) 
where yield strength has units of MPa and Hv is diamond pyramid hardness which uses 
traditional units (kgf/mm2). Therefore, the yield strengthen according to the microhardness 
could be estimated and shown in Fig. 16. The general trend of the composition dependence 
for the calculated yield strength by Eqs. (6)-(9) is consistent with that from Eq. (10) 
depending on the measurements of Vickers hardness. Therefore, the calculated yield strength 
with the Eqs. (6)-(9) are consistent with the measurement of the ferrite grain size, the volume 
fraction and the size of the precipitates from all four steels. 
 
 
Fig. 16. Simulated yield strength from Eq. (6)-(9) with isothermally treated at 630°C and 650°C for 90min, 
compared with yield strength estimated from the micro hardness by Eq. (10).   
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5. Conclusions 
 
The interphase precipitation in Ti-microalloyed and V-microalloyed steels with and without 
Mo additions, but with otherwise identical composition, was studied after isothermal 
transformation at 630°C and 650°C for 90min with the following conclusions:  
1) The ferrite grain size in the Ti-microalloyed steels was smaller than in the V-
microalloyed steels at both isothermal transformation temperatures of 630°C and 
650°C for 90min. The number density of the precipitates in the Ti-microalloyed steels 
was higher than that in the V-microalloyed steels, and the average precipitate size was 
significantly smaller for the same transformation conditions. For both Ti and V 
microalloyed steels all microstructural features were coarser following transformation 
at 650°C compared to 630°C. 
2) There were two types of the interphase precipitates in all steel compositions and 
transformation conditions. For the Ti bearing steel, TiC (finer) and Ti2C (coarser) 
were observed in the same areas of the sample, while for the V bearing steels, VC 
(finer) and V4C3 (coarser) were observed, again in the same area of the sample. Where 
Mo was present in the alloy, it was found dissolved in all carbide types. The (Ti,Mo)C 
and (V,Mo)C formed by classical planer interphase precipitation (PIP) while the 
(Ti,Mo)2C and (V,Mo)4C3 rows, which had a much wider spacing, formed through 
curved interphase precipitation (CIP). Each adopted one variant of the Baker-Nutting 
orientation relationship.  
3) The addition of Mo to the Ti bearing steel was found to reduce the transformation 
kinetics which resulted in a higher volume fraction of precipitates, but did not 
significantly alter the precipitate size. For the V bearing steel, the addition of Mo 
significantly reduced the austenite to ferrite transformation kinetics. The effect of the 
Mo on the V-microalloyed steel was much more significant than that on the Ti-
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microalloyed steel, in particular the addition of Mo reduced the ferrite grain size, 
reduced the precipitate size significantly and substantially increased the precipitate 
number density and volume fraction. The Mo was believed to reduce the misfit 
between the V based carbide and the matrix, reducing interfacial energy and allowing 
a much greater nucleation density.  
4) The contribution of the fine precipitates and the grain size to the yield strength was 
estimated. There was generally good agreement between calculated strengths and 
those estimated through microhardness. The interphase precipitation in the ferrite 
resulted in a maximum contribution to strength of around 127-236MPa in the four 
alloy steels.   
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